Abstract: Hypereutectic Al-Si melts and eutectic Al-Si melt were solidified to study boron and phosphorus distributions in primary silicon phase, eutectic silicon phase and eutectic aluminum phase during Al-Si solvent refining. The boron and phosphorus contents in the primary silicon phase and the eutectic silicon phase were determined by ICP-OES, and the boron and phosphorus contents in the eutectic aluminum phase were calculated by the principle of mass conservation. The primary silicon phase has lowest boron and phosphorus contents, while the eutectic aluminum phase has highest boron and phosphorus contents.
Introduction
Photovoltaic modules have been installed in many countries, and it is an effective method for protecting environment. Silicon-based solar modules dominate photovoltaic market, and solar grade silicon is the raw material for silicon-based solar modules. The solar grade silicon needs high purity, and it is refined from metallurgical grade silicon. The traditional processes to purify silicon use chemical methods [1] , which change the metallurgical grade silicon into compounds, such as SiHCl 3 and SiH 4 , purify these compounds, and reduce them into high purity silicon. These processes have complicated procedures and high energy consumption. New methods with simple procedures and low cost to purify silicon, such as via metallurgical processes, are needed.
When the metallurgical grade silicon is purified by the metallurgical processes, boron and phosphorus are difficult to remove because they have high segregation coefficients (value of 0.8 and 0.35) in silicon [2] . The solidification of hypereutectic Al-Si melt can remove boron and phosphorus efficiently, because their segregation coefficients in Al-Si melt are smaller than that in silicon [3] [4] [5] [6] [7] [8] .
After the solidification of hypereutectic Al-Si melt, there are three kinds of phases existed in theory, primary silicon phase, eutectic silicon phase and eutectic aluminum phase. They form in different stages in the solidification process. The primary silicon phase is the product of uniform grain growth in the early stage. The eutectic silicon phase and the eutectic aluminum phase form in the eutectic reaction in the final solidification stage. The boron and phosphorus contents in the primary silicon phase have been studied by many researchers [9] [10] [11] [12] [13] [14] . But the boron and phosphorus contents in the eutectic silicon phase and the eutectic aluminum phase have never been studied, and it is investigated in this work.
In addition, many researchers, such as K. Morita [3] [4] [5] , K. Tang [6] , L. Zhao [7] , L. Hu [8] studied the boron and phosphorus segregation coefficients in the Al-Si melt, and found that the boron and phosphorus segregation coefficients in the Al-Si melt decrease with decreasing temperature. It means that the boron and phosphorus removal rates increase with decreasing temperature in hypereutectic Al-Si melt. The lowest temperature in the hypereutectic Al-Si melt is the eutectic point temperature, and the eutectic reaction happens at this temperature [15] . The boron and phosphorus removal rates at this temperature have never been studied, and it is investigated in this work.
In this work, two series of experiments were carried out to clarify the boron and phosphorus distributions in the primary silicon phase, the eutectic silicon phase and the eutectic aluminum phase. Hypereutectic Al-Si melts (Al-20%Si) were solidified at different cooling rate, and the boron and phosphorus distributions in the primary silicon phase, the eutectic silicon phase and the eutectic aluminum phase are discussed. Eutectic Al-Si melt (Al-12.6%Si) was solidified at relatively small cooling rate, and the boron and phosphorus distributions in the eutectic silicon phase and the eutectic aluminum phase are discussed.
Experimental
The raw materials used in this work are industrial grade aluminum and metallurgical grade silicon, and impurities contents in them determined by inductively coupled plasma optical emission spectrometry (ICP-OES) are shown in Table 1 .
The boron and phosphorus distributions after the solidification of hypereutectic Al-Si melts
The raw materials were prepared for Al-20%Si, which means that it is a hypereutectic Al-Si alloy. As summarized in Figure 1 , the raw materials (approximate 250 g) were put in an alumina crucible (I.D.: 55 mm, and depth: 100 mm). The alumina crucible was put in a resistance heating furnace with a proportional-integral-derivative (PID) controller to control temperature. The furnace was heated to 1071 K (100 K above the liquidus temperature of Al-20%Si) in the atmosphere of argon, and the alloy melted. After that, the melt was stirred by a quartz rod to mix it completely, and cooled to 830 K (20 K below the eutectic temperature) to solidify it into an ingot with the cooling rate shown in Table 2 . After that, the sample was furnace cooled to room temperature.
The solidified ingot was cut into two parts along its vertical axis. The cutting surface of one part was polished and analyzed by an optical scanner for macrostructure analysis and scanning electron microscope (SEM) for microstructure analysis. The other part was put in 50% diluted hydrochloric acid at 323 K. The hydrochloric acid dissolved the eutectic aluminum phase, leaving the primary silicon phase (shape of flake) and the eutectic silicon phase (shape of powder). Then the primary silicon phase and the eutectic silicon phase were washed with deionized water, dried and separated by sieving with mesh size of 0.5 mm. Then the boron and phosphorus contents in the primary silicon phase and the eutectic silicon phase were determined by ICP-OES.
The boron and phosphorus distributions after the solidification of eutectic Al-Si melt
The raw materials were prepared for Al-12.6%Si, which means that it is a eutectic Al-Si alloy. As summarized in Figure 1 , the raw materials (approximate 250 g) were put in an alumina crucible (I.D.: 55 mm, and depth: 100 mm). The alumina crucible was put in a resistance heating furnace with a proportional-integral-derivative (PID) controller to control temperature. The furnace was heated to 900 K (50 K above the eutectic temperature), and the alloy melted. After that, the melt was stirred by a quartz rod to mix it completely, and cooled to 830 K (20 K below the eutectic temperature) to solidify it into an ingot with the cooling rate shown in Table 2 . After that, the sample was furnace cooled to room temperature.
The solidified sample was put in 50% diluted hydrochloric acid at 323 K. The hydrochloric acid dissolved the eutectic aluminum phase, leaving the eutectic silicon phase (shape of powder). The eutectic silicon phase was washed with deionized water and dried. The boron and phosphorus contents in the eutectic silicon phase were determined by ICP-OES. 
Results and discussion
The morphology of the primary silicon phase and the eutectic silicon phase Figure 2 shows the cross section of solidified sample No.2. It can be found that the primary silicon phases (C) locate at the edge of the image, and the eutectic Al-Si matrix (A) and a cavity (B) can be seen.
In the hypereutectic Al-Si melt, when temperature is lower than liquidus, the primary silicon phase begins to grow. In this work, heat transports from melt into surrounding environment, and the temperature at the edge of the melt is lower than that in the middle of the melt. So the primary silicon phase first nucleates there and grows. According to the lever law and the Al-Si phase diagram [15] , the amount of the primary silicon phase is constant. So when the primary silicon phase grows at the edge of the melt, and it cannot form in the middle of the melt.
When the primary silicon phase grows in the hypereutectic Al-Si melt, the composition of the remaining melt changes with liquidus. When the temperature drops at 850 K and the silicon ratio is 12.6%, the eutectic reaction happens. In this reaction, the primary silicon phase and the eutectic silicon phase form, and they show as Al-Si matrix in macrostructure.
A cavity can be found in the image. At high temperature, Al-Si melt can absorb water vapor from environment and react with it, resulting in hydrogen atoms generated and dissolved in the melt. During the solidification of the alloy, the hydrogen atoms are rejected by the growing solid phase. If the hydrogen atoms cannot diffuse out of the melt during the solidification process, they will be trapped by the solid, forming hydrogen bubble. It appears as a cavity after cutting open the solidified ingot. Table 3 . It can be found that the white phase is an Al-Si-Fe-Mn phase. Because of the impurities in the raw materials, the Al-Si-Fe-Mn intermediate compound phase forms in the solidification process. Figure 4 shows the morphology of the primary silicon flakes and eutectic silicon powder. They are obtained after the hydrochloric treatment of solidified sample No.2. The primary silicon flake is corresponding to the primary silicon phase (D) in Figure 3(a) , and the eutectic silicon phase is corresponding to eutectic silicon phase (E) in Figure 3(a) . The eutectic aluminum phase and the Al-Si-Fe-Mn phase in Figure 3 (a) were reacted with the hydrochloric acid.
As discussed before, the primary silicon phase grows in the temperature range between 971 K and 850 K, and it grows into the shape of flake. The eutectic silicon phase forms at 850 K in the eutectic reaction. It does not have enough time to grow up and appears as powder after solidification.
The boron and phosphorus distributions after the solidification of the hypereutectic Al-Si melt
According to the result of microstructure in Figure 3 , the primary silicon phase, the eutectic silicon phase, the eutectic aluminum phase and the Al-Si-Fe-Mn intermediate We take boron as example to discuss the distribution of impurity element. The boron contents in the raw materials industrial grade aluminum and metallurgical grade silicon can be determined by ICP-OES, and they are shown in Table 1 . The boron contents in the primary silicon phase and the eutectic silicon phase after solidification of Al-Si melt can be confirmed by ICP-OES, and the values are shown in Table 4 . The boron content in the eutectic aluminum phase can be obtained as following.
According to the Al-Si phase diagram [15] and level rule, the mass fractions of the primary silicon phase, the eutectic silicon phase and the eutectic aluminum phase after solidification of Al-20%Si can be calculated as 0.00847, 0.1153, and 0.8, respectively.
According to the conservation of mass, the boron distribution should follow eq. (1).
0.00847C
where, C PSi , C ESi , C EAl , C Si and C Al are the boron contents in the primary silicon phase, the eutectic silicon phase, Figure 3 (a). the eutectic aluminum phase, the raw material metallurgical grade silicon and the raw material industrial grade aluminum respectively. As discussed before, C Si and C Al are shown in shown in Table 1 , and C PSi C ESi are shown in Table 4 . So C EAl can be obtained in eq. (2).
EDS analysis Element (Atom %)
At last, the values of C EAl are all obtained. Figure 5 shows the boron contents in the primary silicon phase, the eutectic silicon phase and the eutectic aluminum phase after the solidification of Al-20%Si melt with different cooling rates (experiment series 1, sample No.1, 2, 3). It is obvious that it is a hypereutectic Al-Si solidification. The initial boron content in the melt is 7 ppmw which is obtained by 0.2C Si + 0.8C Al , and it is marked with dotted line in Figure 5 . Figure 5 indicates that the boron content in primary silicon phase is lowest, and the boron content in the eutectic aluminum phase is highest. It can be explained and discussed below.
In the hypereutectic Al-Si melt, the primary silicon phase begins to grow when temperature falls below its liquidus, and the composition of the remaining melt changes with liquidus. At the same time boron atoms are excluded by the growing primary silicon phase, because its segregation coefficient is smaller than 1. When the silicon ratio is 12.6% and the temperature is 577°C, the eutectic reaction happens, and the eutectic silicon phase and the eutectic aluminum phase form. At the time the boron content in the melt is higher than that in the primary silicon phase because boron atoms are enriched in the melt as discussed before. According to the work of M.M. Makhlouf [16] , the eutectic silicon phase is the leading phase in the Al-Si eutectic reaction. So boron atoms are rejected by the eutectic silicon phase, and they are enriched in the eutectic aluminum phase. So the boron content in the primary silicon phase is lowest, and the boron content in the eutectic aluminum phase is highest. Figure 5 also shows that the cooling rate has great influence on the boron contents in the primary silicon phase, the eutectic silicon phase and the eutectic aluminum phase. It can be explained and discussed below.
As discussed before, when the primary silicon phase grows, boron atoms are rejected. They are enriched at the solid liquid interface, and diffuse into the remaining melt. The boron content in the primary silicon phase depends on the boron segregation coefficient and the boron content at the solid liquid interface as shown in eq. (3).
where, C PSi , k and C interface are the boron content in the primary silicon phase, the segregation coefficient of boron, and the boron content at the solid liquid interface respectively. When the cooling rate is low, the enriched boron atoms at the solid liquid interface has enough time to diffuse into the remaining melt, and the boron content at the solid liquid interface decreases. According to eq. (3), the boron content in the primary silicon phase is low. Figure 5 : The boron contents in experiment series 1.
Y. Li et al.: Impurity Distribution after Solidification of Al-Si Melts
In equilibrium solidification, the Al-Si eutectic reaction happens at the temperature of 577°C, but the equilibrium solidification cannot be satisfied in this work. When the cooling rare is low, the eutectic reaction happens slowly. As mentioned before, the eutectic silicon phase is the leading phase in the Al-Si eutectic reaction. So boron atoms are rejected by the eutectic silicon phase and enriched in the eutectic aluminum phase. At last, when the cooling rate is low, the boron content in eutectic silicon phases is low, and the boron content in the eutectic aluminum is high. Figure 6 shows the phosphorus contents in the primary silicon phase, the eutectic silicon phase and the eutectic aluminum phase after the solidification of Al20%Si melt with different cooling rates (experiment series 1, sample No.1, 2, 3). The initial phosphorus content in the melt is 30.2 ppmw obtained by the same way as that of boron, and it is marked with dotted line in Figure 6 . The distribution of phosphorus is similar to that of boron as discussed before.
The boron and phosphorus distributions after the solidification of the eutectic Al-Si melt
After the solidification of the eutectic Al-Si melt (experiment series 2 No.4 in this work), the eutectic silicon phase and the eutectic aluminum phase form, and the primary silicon phase does not form. With the same calculation method mentioned before, the boron and phosphorus contents in the eutectic silicon phase and the eutectic aluminum phase can be obtained. Figure 7 (a) shows the boron contents in the eutectic silicon phase and the eutectic aluminum phase after the solidification of sample series 2 No.4. The boron contents in the eutectic silicon phase and the eutectic aluminum phase are 3.5 and 7.5 ppmw, respectively. The black dotted line shows the initial average boron content in the melt (value of 7 ppmw).
It can be found that the boron content in the eutectic silicon phase is lower than that in the eutectic aluminum phase. As discussed before, the eutectic silicon phase is the leading phase in the eutectic reaction. So the eutectic silicon phase can reject boron atoms, and has lower boron content after solidification. This result is in accordance with the result of the hypereutectic Al-Si melts solidification. Figure 7 (b) shows the phosphorus contents in the eutectic silicon phase and the eutectic aluminum phase after the solidification of sample series 2 No.4. The red dotted line shows the initial average phosphorus content in the melt (32 ppmw). The phosphorus distribution in the eutectic silicon phase and the eutectic aluminum phase is similar to that of boron as discussed before.
Conclusions
The hypereutectic Al-Si melts and the eutectic Al-Si melt were solidified to study the boron and phosphorus distributions in the primary silicon phase, the eutectic silicon phase and the eutectic aluminum phase during Al-Si solvent refining. In hypereutectic Al-Si melt, the primary silicon phase can reject boron and phosphorus atoms, and it has lowest boron and phosphorus contents after solidification. In the eutectic reaction, the eutectic silicon phase is the leading phase, and it can reject boron and phosphorus atoms. The eutectic aluminum phase has highest boron and phosphorus contents after solidification.
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